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DNA gyrase, the only topoisomerase able to in-
troduce negative supercoils into DNA, is essen-
tial for bacterial transcription and replication;
absent from humans, it is a successful target
for antibacterials. From biophysical experi-
ments in solution, we report a structural model
at 12–15 A˚ resolution of the full-length B sub-
unit (GyrB). Analytical ultracentrifugation shows
that GyrB is mainly a nonglobular monomer. Ab
initio modeling of small-angle X-ray scattering
data for GyrB consistently yields a ‘‘tadpole’’-
like envelope. It allows us to propose an organi-
zation of GyrB into three domains—ATPase,
Toprim, and Tail—based on their crystallo-
graphic and modeled structures. Our study re-
veals the modular organization of GyrB and
points out its potential flexibility, needed during
the gyrase catalytic cycle. It provides important
insights into the supercoiling mechanism by
gyrase and suggests new lines of research.
INTRODUCTION
DNA topoisomerases are ubiquitous enzymes that cata-
lyze the interconversion between different topological
forms of DNA (supercoiled/relaxed, catenated/decaten-
ated, and knotted/unknotted). They play a major role in
crucial cellular processes such as transcription, recombi-
nation, and replication (Champoux, 2001; Wang, 2002).
Hence, they have become important targets of anticancer
chemotherapeutics and antibacterial drugs (Hande, 1998;
Pommier et al., 1998; Emmerson and Jones, 2003; Max-
well and Lawson, 2003). Many of the most successful
drugs trap the enzyme in a covalent complex with DNA,
leading to cell death. Indeed, topoisomerases transiently
cleave a segment of DNA, the gate (G) segment, by a trans-
esterification between a tyrosine in the enzyme and a DNA
phosphate group. Another DNA segment (T) is then trans-
ported through this break before its religation, therebyStructure 15, 3changing the DNA topology. Type I topoisomerases are
monomeric and cleave a single strand of DNA, whereas
type II topoisomerases are dimeric and cleave both
strands and transport a second DNA duplex, generally
triggered by ATP binding.
DNA gyrase, a type II topoisomerase, is the only enzyme
able to actively introduce negative supercoils into DNA. It
is vital for all bacteria, mainly for its key role during tran-
scription and replication, but has not been found in hu-
mans or more generally in eukaryotes, except recently in
plant organelles (Cho et al., 2004; Wall et al., 2004) and
in the apicoplast of the malarial parasite Plasmodium
(Khor et al., 2005). Gyrase is thus a target of antibacterial
drugs, including the clinically effective quinolones, such
as ciprofloxacin (Maxwell, 1997). However, increasing
drug resistance is a serious problem and new agents are
urgently needed (Drlica and Malik, 2003). A complete
structural and mechanistic understanding of DNA gyrase
would greatly assist rational drug-design programs.
DNA gyrase from Escherichia coli consists of two sub-
units, GyrA (97 kDa) and GyrB (90 kDa), the active enzyme
being a heterotetramer, A2B2. GyrA consists of two do-
mains: an amino-terminal domain of 59 kDa (GyrA59)
and a carboxy-terminal domain of 38 kDa (GyrA-CTD).
GyrA59 contains the active-site tyrosines responsible for
the cleavage and religation of the DNA (the G segment).
Its X-ray crystallographic structure shows a heart-shaped
arrangement with two dimer interfaces (Morais Cabral
et al., 1997). The GyrA-CTD wraps DNA around itself
and presents the T segment over the G segment (Heddle
et al., 2004). The spiral six-bladed ‘‘b-pinwheel’’ fold
adopted by GyrA-CTD enforces negative DNA supercoil-
ing (Corbett et al., 2004; Ruthenburg et al., 2005). We
have recently shown that full-length GyrA is a dimer in so-
lution, and we determined its structure and the organiza-
tion of its domains: a dimeric GyrA59 core flanked by
two pear-shaped GyrA-CTDs (Costenaro et al., 2005).
GyrB has been assumed to be monomeric, in the ab-
sence of ATP, based on negative results from crosslinking
experiments (Klevan and Wang, 1980). Limited proteolysis
experiments suggest that GyrB consists of two domains:
an amino-terminal domain of 43 kDa (GyrB43) and a car-
boxy-terminal domain of 47 kDa (Kampranis and Maxwell,29–339, March 2007 ª2007 Elsevier Ltd All rights reserved 329
Structure
SAXS Solution Structure of DNA Gyrase B SubunitFigure 1. Sequence Alignment of GyrB and Topo II Sequences
Identical residues are written in white in black boxes; similar residues are boxed in. GyrB consists of three domains: an ATPase domain (GyrB43,
shown only from residue I370) in blue, a Toprim domain in red, and a Tail domain in pink and green. The domain extents are shown above the se-
quences with a bold line where crystallographic structures are known (PDB ID codes 1ei1 for GyrB43 and 1bgw for topo II) and with a dotted line
otherwise. Secondary structures are indicated below the alignment. Tail-2 secondary structures, predicted by PSI-pred, PHDsec, and PROFsec,
are shown for a reliability index above 5. Red stars under the sequences indicate the Toprim residues that are part of the cleavage-religation active
site of gyrase.1998). Based on available structural and functional de-
scriptions, we propose that GyrB is actually composed
of three domains (Figure 1). GyrB43 belongs to the GHKL
ATPases, a broad family of enzymes with a common fold
unrelated to other canonical ATP-binding folds (Dutta
and Inouye, 2000; Corbett and Berger, 2005). GyrB43 di-
merizes upon ATP binding, like a clamp (Wigley et al.,
1991; Ali et al., 1993). When part of the gyrase holoenzyme
(A2B2), this ATP-dependent dimerization, followed by
ATP hydrolysis, triggers T-segment capture and passage
through the cleaved G segment (Heddle et al., 2004), as in
other type II topoisomerases (Corbett and Berger, 2005).
X-ray crystallographic structures have been solved for
GyrB43 in complex with ADPNP (50-adenylyl-b-g-imidodi-
phosphate), a nonhydrolyzable ATP analog (Figure 2)
(Wigley et al., 1991; Brino et al., 2000).
GyrB-CTD interacts with the A subunit and is essential
for DNA binding. There is currently no structure of GyrB-
CTD; however, X-ray crystallographic structures are
known for a homologous protein, yeast topoisomerase II330 Structure 15, 329–339, March 2007 ª2007 Elsevier Ltd All(topo II) (Berger et al., 1996; Fass et al., 1999). The topo
II-NTD (amino-terminal domain) is homologous to GyrB
and its CTD to GyrA, the holoenzyme being a homodimer.
The known structures of topo II lack the ATPase domain,
which is homologous to GyrB43, but encompass regions
homologous to the two domains of GyrB-CTD (Figure 1).
The first one is a Toprim domain: an a/b fold structurally
conserved between type IA and II topoisomerase, but
also found in some primases, nucleases, and DNA repair
proteins (Aravind et al., 1998). This domain should com-
plete the cleavage-religation active site of topoisomerases
by providing a general acid and coordinating Mg2+ ions
(Noble and Maxwell, 2002). The second GyrB-CTD domain,
which we will call the ‘‘Tail’’ domain, follows the Toprim do-
main. E. coli GyrB has a 170 amino acid insertion (Tail-2)
within this Tail domain when compared with topo II, which
includes the remaining subdomain (Tail-1). This insertion is
essential for the DNA binding ability of E. coli gyrase (Chat-
terji et al., 2000). GyrB thus consists of ATPase, Toprim,
and Tail domains, from its amino to carboxyl termini.rights reserved
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SAXS Solution Structure of DNA Gyrase B SubunitFigure 2. Crystallographic Structures of
GyrB43, PDB ID Code 1ei1, in Ribbon
and Space-Filling Representations
The amino-terminal loop extending out from
one GyrB43 monomer caps the ATP- or
ADPNP-binding pocket of the other monomer.
The length of the axes is 10 A˚.We present in this article the structure of full-length
GyrB at 12–15 A˚ resolution in solution. Sedimentation
velocity experiments show that GyrB is mainly a nonglob-
ular monomer at low protein concentration, which has not
been directly shown before for the full-length (unmodified)
GyrB. We derive the molecular envelope of GyrB by ab ini-
tio modeling of small-angle X-ray scattering (SAXS) data.
GyrB has a ‘‘tadpole’’-like structure, not observed before,
which accommodates very well the structures of its
ATPase, Toprim, and Tail domains. We discuss our results
in light of the required flexibility of DNA gyrase for catalyz-
ing supercoiling.
RESULTS
Analytical Ultracentrifugation
Velocity experiments were performed to control the sam-
ple homogeneity and determine the oligomeric state and
hydrodynamic radius of GyrB. They revealed that isolated
GyrB, in solution, is mainly a monomer. Figure 3A shows
a set of experimental profiles and their modeling for inter-
ference data at a protein concentration of 0.5 mg/ml at
6C. We modeled the experimental profiles in terms of
a continuous distribution of discrete and noninteracting
species. The resulting sedimentation-coefficient distribu-
tion c(s) is presented in Figure 3B. It showed a main
peak at 3.1S, whose sedimentation coefficient slightly de-
creased (3%) with the protein concentration from 2.1 to
0.18 mg/ml (data not shown). When normalized to water
at 20C, its s20,w value of 4.7S ± 0.15S is consistent with
a 90 kDa monomer with a hydrodynamic radius (RH) of
46 ± 1.5 A˚. A filled sphere of the same mass and density
would yield a minimal radius (RH0) of 30 or 33 A˚ when hy-
drated with 0.3 g of water per gram of protein. This corre-
sponds to a rather large value of 1.5 for the frictional co-
efficient f/f0, the usual value for a compact, globular, and
typically hydrated protein being 1.25 ± 0.05. The s20,w
value is not compatible with a dimer, as the corresponding
f/f0 value of 2.5 would be unreasonable. GyrB should
therefore be an elongated monomer.
The sedimentation coefficient of the secondary peak
was 4.7S at 6C, yielding an s20,w value of 7.1S ± 0.15S.
It would correspond to a 180 kDa dimer with an RH of
about 60 A˚. It accounted for15% of the total cell content
and 22% at 2.1 mg/ml, suggesting a slow equilibrium pro-
cess. The peaks between 6S and 15S at 6C reveal theStructure 15, 3presence of few aggregated species that are significant
only at the largest protein concentration.
Small-Angle X-Ray Scattering
We collected the intensity scattered by GyrB solutions at
0.1, 0.5, and 1.7 mg/ml, over the momentum transfer
range 0.008 < q < 0.78 A˚1, corresponding to a real dis-
tance range of 762 > r > 8 A˚. The intensity scattered at
0.1 mg/ml was almost indistinguishable from the intensity
at 0.5 mg/ml and the intensity scattered at 1.7 mg/ml was
higher only at very low angles (q < 0.04 A˚1). To minimize
this concentration-dependent influence of oligomers on
the scattering signal, the smallest angle data up to q =
0.04 A˚1 were omitted from the analysis, as from this q
value onward no significant changes were detected in
Figure 3. Analytical Ultracentrifugation of GyrB
(A) Modeling of the sedimentation velocity profiles of GyrB at
0.5 mg/ml. The symbols represent the experimental profiles as a func-
tion of time and distance from the axis of rotation, after the start of the
sedimentation. The curves represent the theoretical fits, and the resid-
uals are their differences with the corresponding experimental profiles.
Concentrations are in units of fringe displacement in the interference
optical system. For clarity, only every second profile and every tenth
experimental point used in the analysis are shown.
(B) Sedimentation coefficient distribution c(s) calculated for GyrB. The
distribution is normalized to the main peak values.29–339, March 2007 ª2007 Elsevier Ltd All rights reserved 331
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SAXS Solution Structure of DNA Gyrase B Subunitthe calculation of the pair distribution function p(r); p(r)
is the distribution histogram of interatomic distances within
the molecule. The intensity scattered for q > 0.04 A˚1
and the corresponding p(r) function are shown in Figure 4
for a GyrB concentration of 0.5 mg/ml. p(r) has an
asymmetric bell shape with a tail extending to a maximum
protein dimension (Dmax) of 132 ± 5 A˚, consistent with an
elongated molecule. The second moment of the pair distri-
bution function yielded an Rg value of 42.8 ± 0.3 A˚.
Ab Initio Modeling of GyrB
To determine the structure of GyrB in solution, we gener-
ated low-resolution models with the ab initio program
Gasbor (Svergun et al., 2001). Clustered spherical dummy
residues represent the protein and a simulated annealing
process builds a locally ‘‘chain-compatible’’ model, with
a 3.8 A˚ separation between dummy residues, inside
a spherical search volume. The result is a three-dimen-
sional arrangement of scattering centers that reproduce
the one-dimensional scattering curve in accord with the
experimental scattered intensity (Figure 4). As there is no
unique solution to this inverse scattering problem, we built
several independent models and superimposed them to
analyze the stability and reliability of the shape recon-
structions. Even though we consider the resolution of
each individual model to be 8 A˚, in harmony with the
nominal Bragg resolution based on the maximum scatter-
ing angle measured, the actual resolution of the filtered
models is less accurate and therefore about 12–15 A˚,
due to the averaging procedure.
As the sedimentation velocity showed that GyrB is pri-
marily monomeric in solution, we attempted to reconstruct
the envelope of the monomer by building ten independent
models, using the truncated intensity (q > 0.04 A˚1) scat-
tered by GyrB at 0.5 mg/ml. Figures 5A–5C show typical
Figure 4. Small-Angle X-Ray Scattering of GyrB in Solution at
0.5 mg/ml
Experimental data (in black) are shown as a function of the momentum
transfer q (>0.04 A˚1) in comparison to a typical monomeric model re-
constructed by Gasbor (in red) and the domain model (blue dashed
line; see text). The inset shows the corresponding pair distribution
functions p(r), which represent the distribution of interatomic dis-
tances. The maximal dimension of monomeric GyrB in solution is
132 A˚ (black curve).332 Structure 15, 329–339, March 2007 ª2007 Elsevier Ltd Allmodels obtained. After realignment of the models, we
calculated the normalized spatial discrepancy (NSD) be-
tween each pair of models to analyze their discrepancy
and to select the most typical model (number 7), that is,
the model with the lowest average NSD. (NSD provides
a quantitative estimate of the similarity between two
models: a lower value corresponds to a better overlap
and a value of around one indicates a very good agree-
ment.) The independent monomeric models are ranked in
Table 1 by increasing NSD value, compared with the refer-
ence model (number 7). Of the ten models, only one (num-
ber 10) was considered as an outlier with an NSD value of
1.32. NSD values for the other models ranged from 1.126 to
1.208, indicating a good agreement between their shapes.
This reconstruction therefore converged toward the most
plausible structure for the GyrB monomer shown in
Figure 5D by the filtered model, which highlights the com-
mon structural features present in the nine consensus
models. The structure is like a tadpole, with a globular
end, the head, and a more elongated end, the tail. Its over-
all dimensions are approximately 115 3 90 3 65 A˚. The
consensus models mainly differ from small variations of
the angle between the head and tail domains. The outlier
model (number 10) has a less globular head.
Figure 5. Monomeric GyrB Models Built from SAXS Data
(A–C) Typical models: numbers 3, 4, and 1, respectively (see Table 1).
(D) Filtered model representing the common structural features of the
nine independent consensus models. The surfaces were built with
a sphere radius of 5 A˚ for each residue. The views are, respectively,
from front, side, and bottom; the length of the axes is 10 A˚.rights reserved
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SAXS Solution Structure of DNA Gyrase B SubunitTable 1. Normalized Spatial Discrepancy between GyrB Models Built by Gasbor
Models 7 2 3 5 8 4 6 9 1 10a
NSD Ref. 1.126 1.130 1.132 1.138 1.139 1.141 1.187 1.208 1.32
a Outlier excluded from further analysis.DISCUSSION
Ab Initio Modeling of GyrB Structure in Solution
The high similarity between the shapes of the consensus
models for the GyrB monomer (Figure 5), which translates
into a narrow NSD distribution (Table 1), emphasizes the
robustness of our ab initio reconstruction. We calculated
the hydrodynamics and scattering properties of these
models. Table 2 summarizes and compares the calculated
and experimental values. On average, the models yield
a sedimentation coefficient (s) of 2.9S ± 0.03S and a hydro-
dynamic radius (RH) of 48.8 ± 0.5 A˚, in good agreement
with the experimental values obtained independently by
sedimentation velocity for the monomeric species. The
average Rg and Dmax values of the models, 41.4 ± 0.3
and 135 ± 2 A˚, respectively, are also in good agreement
with the experimental values obtained from the truncated
SAXS data. This reconstruction hence converged toward
a unique and reliable shape for GyrB, in good agreement
with our independent sedimentation results, and with no
evidence for multiple monomeric conformations. This
suggests that GyrB alone is therefore not as mobile as
might be thought. If the protein were flexible, the protein
solution would have contained several conformations,
the scattered intensity would then have been the number
average of the intensities scattered by each individual
conformation (noninteracting species), and Gasbor
should have reconstructed several different shapes. The
unique envelope obtained for GyrB will allow us to gain fur-
ther insights into the organization of its domains.
The molecular envelope of a dimeric GyrB was deter-
mined by electron microscopy at 27 A˚ resolution from
2D crystals obtained upon specific interactions with novo-
biocin-linked phospholipid films (Celia et al., 1994). The
authors proposed the GyrB monomer to be an elongated
shape 60 A˚ long and 30 A˚ wide, with an asymmetric distri-
bution of density, and further explained that this stained
excluded volume represents 55% of the total protein
mass. Given this volume reduction and the probable flat-
tening of the molecule upon drying, their dimensions are
not inconsistent with our findings. However, the differenceStructure 15, 3between our tadpole conformation and their much more
compact V-shaped envelope for the GyrB monomer is
surprising. The two arms of their V envelope were joined
over two thirds of their length. One arm roughly accommo-
dated the crystallographic structure of the GyrB43 mono-
mer, with the ATP and the novobiocin binding sites at the
bottom of the V. This orientation would place the carboxyl
terminus of GyrB43 (see Figure 2) at the extremity of the
arm, which is some 20 A˚ distant from the other arm. We
therefore suggest that the discrepancy between our
tadpole and their V-shaped GyrB monomer may arise
from the ambiguity in defining the monomer within the
3D molecular envelope they reconstructed for the dimer.
GyrB, a Modular Structure
GyrB is constituted of three domains—ATPase (GyrB43),
Toprim, and Tail (Figure 1)—but how these domains are
organized within the full-length protein is still unclear. We
used our solutionstructureof the full-length GyrB monomer
and the availablecrystallographic structures of GyrB43 and
of homologous domains to address this question.
The ATPase domain (GyrB43, residues S2 to T392, a part
of which is indicated in blue in Figure 1) represents nearly
half of the full-length GyrB. In the structure of the GyrB43
homodimer, each monomer binds one ADPNP molecule
(Figure 2) in a pocket that is capped by the amino-terminal
loop extending out from the other monomer (Wigley et al.,
1991; Brino et al., 2000). Without this extension, a mono-
mer would be rather compact and can be modeled as
a prolate ellipsoid of about 803 403 35 A˚. These dimen-
sions can only be accommodated into the more globular
part of GyrB; the head of our tadpole envelope corre-
sponds reasonably well to the ATPase domains (in blue
in Figure 6). As the carboxyl and amino termini of this do-
main are at the two opposite ends of the fold, the amino
terminus has obviously to be at the top of the head to leave
a continuous density for the following domains. The
GyrB43 structure is better accommodated into the tad-
pole head with the ATP-binding pocket facing inward
and the eight-strand b sheet facing outward. The car-
boxy-terminal helix, located at the elbow between theTable 2. Comparison of the Sedimentation Velocity, SAXS, and Modeling Parameters
Method s (S) RH (A˚) Rg (A˚) Dmax (A˚)
SV [monomer] 3.1 ± 0.1 46 ± 1.5
Ab initio modeling 2.9 ± 0.03 48.8 ± 0.5 41.4 ± 0.3 135 ± 2
SAXS [q > 0.04 A˚1] 42.8 ± 0.3 132 ± 5
Sedimentation velocity (SV) and SAXS values at 6C and 0.5 mg/ml of protein. Values from ab initio modeling represent the aver-
ages from independent models.29–339, March 2007 ª2007 Elsevier Ltd All rights reserved 333
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SAXS Solution Structure of DNA Gyrase B SubunitFigure 6. Solution Structure of a Monomer of GyrB and Its Domain Organization
The monomeric filtered model (Figure 5D) is represented as a transparent surface. The four subdomain structures were fitted into it, forming the three
GyrB domains: ATPase, Toprim, and Tail, which includes the subdomains Tail-1 and Tail-2. The connecting ends of each subdomain are colored as
the following subdomain and are in space-filling representation, except for the Toprim-Tail connection, which comes from the continuous structure of
topo II. In addition, the corresponding ends of the Tail-1 and Tail-2 subdomains are numbered. Red stars indicate the Toprim residues that are part of
the cleavage-religation active site of DNA gyrase. The views are, respectively, from the front, side, and bottom; the length of the axes is 10 A˚.tadpole head and tail, would have to move inward a little to
fit better into our envelope of GyrB. This helix actually be-
longs to a subdomain called the ‘‘transducer,’’ known to
adopt different conformations. It is thought to act both
as a sensor for the productive association of a DNA sub-
strate (the T segment) and as a mediator that links this
binding event with ATP hydrolysis to regulate the subse-
quent steps of strand passage in type II topoisomerases
(Lamour et al., 2002; Classen et al., 2003; Corbett and
Berger, 2003, 2005).
Toprim is the second domain of GyrB (residues R393–
P533; Figure 1). There is currently no structure for this do-
main of GyrB, but the Toprim a/b fold is structurally con-
served between type IA and II topoisomerases (Aravind
et al., 1998). GyrB and topo II share 30% identical and
34% similar amino acids spread over this region. Using
the most complete crystallographic structure available for
topo II (Berger et al., 1996), we built a model for the GyrB
Toprim domain by homology. A central b sheet surrounded
by a helices forms a compact fold of about 453 353 28 A˚.
The Toprim amino terminus should face the ATPase car-
boxyl terminus, with a small gap for the three residues
missing between the two structures (Figure 1). With this
constraint, the Toprim domain (Figure 6) fits quite well in-
side the elbow between the head, the ATPase domain,
and the tail of the GyrB tadpole envelope. The Toprim do-
main is part of the cleavage-religation active site of DNA
gyrase, coordinating Mg2+ ions via a DxDxD motif (residues
D498–D502) and providing a general acid, E424, which is con-
served throughout the Toprim family (Aravind et al., 1998;
Noble and Maxwell, 2002). These residues are located
just after the third and firstb strands, respectively (red stars
in Figures 1 and 6). For the orientation of the fold inside our
tadpole envelope, they are facing outward on the side of
the tail. This external position would allow them to interact
freely with the active-site region of GyrA.334 Structure 15, 329–339, March 2007 ª2007 Elsevier Ltd AThe Tail is the third and last domain of GyrB (residues
L534–I804). It is made of two subdomains: one is homolo-
gous to a part of topo II (Tail-1; Figure 1) and the other cor-
responds to a 170 amino acid insertion (Tail-2) for E. coli
GyrB, when compared with topo II. No structure is avail-
able for the Tail domain of GyrB, but the homologous Top-
rim and Tail-1 domains are contiguous in the available
crystallographic structures of topo II. We built a homology
model for these two domains of GyrB together, the pro-
teins sharing 27% identical and 33% similar amino acids
over this region. The orientation of the Toprim domain
therefore imposes the orientation of the Tail-1 subdomain
(Figure 6). Clearly, half of this subdomain stands out of the
tadpole envelope: it has thus to adopt either another orien-
tation or another structure. These regions (residues Y535–
D549 and E720–R738; Figure 1) are on both sides of the
Tail-2 subdomain, the 170 amino acid insertion within
E. coli GyrB. It is not surprising that such a long insertion
would affect the structure of the contiguous sequence.
We note, however, that the last helix of the Tail-1 subdo-
main, which is farther from the insertion, lies inside the tad-
pole envelope, close to the Toprim fold. The GyrB inser-
tion subdomain (Tail-2) within the Tail domain, when
compared to topo II, has no homolog among known crys-
tallographic structures. We used three methods (PSI-
pred, PHDsec, and PROFsec) to predict its secondary
structure (Figure 1). All three methods predict, with good
agreement, that Tail-2 is mostly helical. Based on the
PHDsec prediction, the HMMSTR/ROSETTA server (By-
stroff and Shao, 2002) predicted five tertiary structures;
they were very similar and we selected the first one as
a potential structure for the Tail-2 subdomain. As can be
seen in Figure 6, this structure is quite elongated, with
overall dimensions of about 50 3 35 3 25 A˚ that corre-
spond well to the tail of the tadpole envelope. Its two ter-
mini are located at opposite ends of the fold, but have toll rights reserved
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SAXS Solution Structure of DNA Gyrase B SubunitFigure 7. Schematic Mechanism of
Supercoiling by DNA Gyrase
Step 1: Free states of the components in solu-
tion. Step 2: Wrapping of the DNA around the
holoenzyme presents the T segment over the
G segment, with a positive crossover. Step 3:
Upon ATP binding, GyrB dimerizes, captures
the T segment, and the G segment is tran-
siently cleaved. Step 4: Hydrolysis of one
ATP allows GyrB to rotate, the GyrA opening
to widen, and the transport of the T segment
through the cleaved G segment. Step 5: Reli-
gation of the G segment introduces two nega-
tive supercoils into DNA. Release of the T seg-
ment and hydrolysis of the second ATP resets
the enzyme. The right column shows the side
views for steps 2–4. Stars indicate the active-
site residues for DNA cleavage and the circle
indicates the ATP-binding pocket. Color cod-
ing of the domains: GyrA59, orange; GyrA-
CTD, cyan; GyrB43, blue; Toprim, red; Tail,
green; G segment, black; T segment, purple.be connected to the insertion sites of the Tail-1 subdo-
main (sites 1 and 2 in Figure 6). This implies either that
the Tail-2 predicted fold is misguided or that part of the
Tail-1 domain has to adopt another conformation. Rota-
tion of the two Tail-1 extensions lying outside the tadpole
envelope would actually bring together the corresponding
connections between the Tail-1 and Tail-2 domains and
bring the moving extensions inside the envelope, which
would then accommodate all GyrB domains. The function
of the Tail domain is not well established, but it should in-
teract with GyrA and DNA. One could infer that the GyrB
insertion (Tail-2) within this domain would be correlated
to the specific activity of gyrase for negative supercoiling;
however, this insertion is present only in Gram-negative
gyrases (Caron, 1999), with no obvious reason. Work on
E. coliGyrB suggests that the inserted sequence is essen-
tial for DNA binding (Chatterji et al., 2000). More biochem-
ical and structural data are clearly needed to properly un-
derstand the function and specificity of the GyrB Tail
domain.
Whereas the placement of the domains inside the GyrB
SAXS envelope is likely to be globally correct, the model-
ing and placement of Tail substructures are less precise.
The intensity that would be scattered by this domain
model is shown in Figure 4. As small parts of the struc-
tures, mainly the linkers between domains, lie outside
the Gasbor envelope, the intensity of the domain model
matches the experimental intensity less well than the in-
tensity of the Gasbor model.
The tadpole envelope of the full-length GyrB monomer
has allowed us to propose an organization of its three do-
mains: the ATPase domain is located in the tadpole head
and is naturally followed by the two CTDs, Toprim and Tail.Structure 15, 32The corresponding crystallographic and modeled struc-
tures could adequately be accommodated inside the en-
velope, providing adjustments of those secondary ele-
ments that link domains and subdomains. Our analysis
points out the modular structure of GyrB and the potential
flexibility of the connecting interfaces, which would allow
for conformational reorganizations of gyrase during its
catalytic cycle.
Implications for Supercoiling by DNA Gyrase
DNA gyrase is the only topoisomerase able to actively in-
troduce negative supercoils into DNA, but it shares
a core mechanism with other type II topoisomerases: the
transport of a double-stranded DNA segment through
a cleaved segment. Based on this similarity and specificity,
and on the crystallographic structures available for type II
topoisomerases, structural views of the supercoiling
mechanism by DNA gyrase have been inferred (Kampranis
et al., 1999; Corbett et al., 2004; Costenaro et al., 2005;
Ruthenburg et al., 2005). Can the solution structure of
GyrB and its modular organization that we have deter-
mined improve our understanding of this mechanism?
The major information that is missing concerns the position
of the ATPase (GyrB43) and Tail domains of GyrB within the
holoenzyme A2B2, through the catalytic cycle; GyrB43 has
been assumed to be ‘‘above’’ the GyrA dimer in previous
schemes of the gyrase mechanism (Roca, 1995). Our find-
ings can help us to establish their position and function,
taking advantage of the known crystallographic structures
of topo II, which give the relative position of the domains
homologous to GyrB Toprim and GyrA59.
Figure 7 presents a schematic view of the mechanism
of supercoiling by DNA gyrase. In solution (step 1), we9–339, March 2007 ª2007 Elsevier Ltd All rights reserved 335
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dimeric GyrA59 (in orange) closely flanked by two addi-
tional pear-shaped domains, GyrA-CTDs (in cyan), in
a low-down position (Costenaro et al., 2005). They neatly
accommodate the homologous six-bladed b-pinwheel
fold from Borrelia burgdorferi (Corbett et al., 2004) or the
more recent spiral fold determined for E. coli (Ruthenburg
et al., 2005). In this article, we show that GyrB is mainly
a monomer in solution and adopts a tadpole-like structure
with its head corresponding to the ATPase domain fol-
lowed by the Toprim and Tail domains (in blue, red, and
green, respectively). In vivo, most GyrA and GyrB mole-
cules are not associated (Thornton et al., 1994).
In step 2, a double-stranded DNA segment, the gate (G)
segment, binds onto the closed GyrA, around the cleav-
age-religation active site (Y122; orange star in Figure 7), lo-
cated in the middle of the positively charged saddle-like
surface at the top of GyrA (Morais Cabral et al., 1997).
GyrA-CTD is able to bend DNA by about 180, wrapping
it around its positive rim surface (Corbett et al., 2004).
This wrapping should force GyrA-CTD apart from
GyrA59 (Costenaro et al., 2005), in a position similar to
the crystallographic position of the homologous domain
of ParC, a subunit of topo IV, which preferentially decaten-
ates DNA and relaxes positive supercoils (Corbett et al.,
2005). Gyrase wraps 130 base pairs of DNA around
itself, forming a positive crossover (Orphanides and
Maxwell, 1994). The spiral b pinwheel of E. coli GyrA-
CTD should favor this DNA superhelicity in the form of
writhe (Ruthenburg et al., 2005). The position of the
GyrB Toprim domain, in front of and behind the closed
GyrA dimer, is similar to the crystallographic position of
the homologous domain of topo II (Fass et al., 1999).
Such a position places the GyrB acidic residues
(D498,500,502 and E424; red star in Figure 7) close to Y122
of GyrA, completing the cleavage-religation active site,
and leaves the DNA binding groove accessible to the G
segment. Toprim should provide the main point of attach-
ment of GyrB to GyrA. The GyrB domain’s organization
that we determined here therefore has two important im-
plications. First, the ATPase domains, GyrB43, have to
be above the active site, and in front of and behind the
GyrA dimer, perpendicular to its main plane (side view of
step 2), that is, not on both sides of GyrA as previously as-
sumed. Given the crystallographic structure of GyrB43,
this position supposes the opening of its carboxy-terminal
helix belonging to the transducer subdomain, as for other
GHKL ATPases (Corbett and Berger, 2005). We men-
tioned that this opening is also needed to better accom-
modate the GyrB43 fold into our tadpole envelope of the
free GyrB. Second, the Toprim orientation implies that
the GyrB Tail domain is opposite to GyrB43 and close to
the DNA G segment, almost covering it. The Tail-2 subdo-
main is essential for the DNA binding ability of E. coli
gyrase (Chatterji et al., 2000). We thus propose that its
function is to direct the DNA toward GyrA-CTD to be wrap-
ped and to ensure that the G and T segments are closely
spaced on the same DNA, favoring intramolecular strand
passage. GyrB Tail-2 and GyrA-CTD would therefore336 Structure 15, 329–339, March 2007 ª2007 Elsevier Ltd Allboth be responsible for the specificity of gyrase for nega-
tive supercoiling.
In step 3, GyrB43 dimerizes upon ATP binding and cap-
tures one DNA segment, the T segment. Because of the
GyrB orientation perpendicular to the main GyrA plane,
the T segment would be constrained nearly aligned with
the G segment (Figure 7, side view). This closed state of
GyrB43 causes reorientation of the transducer subdomain
(Corbett and Berger, 2005), which in turn could modify the
orientation of the Toprim domain. In fact, the T-segment
capture must be coupled to the cleavage of the G segment
and the opening of the upper dimerization interface of
GyrA (Kampranis et al., 1999; Roca, 2004). The GyrA59
conformation should then correspond to the crystallo-
graphic structure of the intermediate open state of topo
II (Fass et al., 1999), where Toprim indeed has turned.
In step 4, hydrolysis of one ATP causes a structural tran-
sition inside the ATPase domain, which releases the strain
of the system (Corbett and Berger, 2005). The GyrA open-
ing widens to a conformation that would correspond to the
fully opened crystallographic structure of topo II (Berger
et al., 1996). In this structure, the Toprim domains have
rotated 170 from their previous position (Fass et al.,
1999). This movement should draw GyrB43 in a right-
handed rotation that allows the transport of the T segment
through the cleaved G segment, with a perpendicular
orientation.
In step 5, the T segment is then released through the
opening of the lower dimerization interface of GyrA59
(Roca and Wang, 1994; Williams and Maxwell, 1999),
and religation of the G segment introduces two negative
supercoils into DNA. Finally, the hydrolysis of the second
ATP resets the holoenzyme, which can either dissociate
or perform another catalytic cycle with the same DNA, in
a processive way. High-resolution structures of intermedi-
ates of this supercoiling cycle will be required to establish
whether such a scheme is correct in detail.
Conclusions
In summary, experiments in solution have allowed us to
determine a low-resolution structure for the intact B sub-
unit of E. coli DNA gyrase. Analytical ultracentrifugation
shows that GyrB is a monomeric, nonglobular protein.
Ab initio modeling of small-angle X-ray scattering consis-
tently yields a ‘‘tadpole’’-like envelope for GyrB, with
hydrodynamic properties similar to those determined
independently by ultracentrifugation. We propose a struc-
tural organization of GyrB comprising three domains:
ATPase, Toprim, and Tail, within the GyrB envelope alone,
but also within the holoenzyme (A2B2), using available
crystallographic structures for gyrase or close homologs.
Our analysis provides evidence for the GyrB ATPase do-
main being above the GyrA dimer. It also suggests an ac-
tive function for the Tail-2 subdomain of GyrB: to direct
DNA toward the GyrA DNA-binding domain (GyrA-CTD)
and to ensure that the G and T segments are closely
spaced on the same DNA, favoring intramolecular strand
passage. GyrB Tail-2 and GyrA-CTD would therefore
both be responsible for the specificity of gyrase forrights reserved
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antibacterial drugs.
EXPERIMENTAL PROCEDURES
Protein Purification
E. coli GyrB was overexpressed in JM109[pAG111::pLysS] cells and
purified as previously described (Maxwell and Howells, 1999). We fur-
ther purified the protein by gel filtration (Superose 6 HR10/30 from
Pharmacia) in 50 mM Tris$HCl (pH 7.5), 55 mM KCl, 5 mM DTT, and
5 mM MgCl2, before concentration. GyrB concentration was deter-
mined spectrophotometrically using an extinction coefficient at
280 nm of 1.33 ml/mg/cm.
Analytical Ultracentrifugation
Sedimentation velocity experiments were performed at the Institut de
Biologie Structurale in Grenoble, France, using a Beckman Optima
XL-I analytical ultracentrifuge and an AN-60 TI rotor. Experiments
were carried out at 6C in 50 mM Tris$HCl (pH 7.5), 55 mM KCl, 5 mM
DTT, and 5 mM MgCl2. Two samples (420 ml) at protein concentrations
of 0.18 and 0.5 mg/ml were loaded into 12 mm path cells and one sam-
ple (110 ml) at 2.1 mg/ml into a 3 mm path cell, and centrifuged at
42,000 rpm. We recorded interference optical scans and absorbance
scans in duplicate at 277 nm every5 min using a 0.03 mm radial spacing.
We directly modeled boundary profiles in terms of a continuous
distribution of discrete and noninteracting species with the software
Sedfit (Schuck, 2000). Based on the simulation of numerical solutions
of the transport, this procedure allows the deconvolution of diffusion
broadening of the sedimentation boundaries. A distribution of sedi-
mentation coefficient c(s) is thus obtained at rather high resolution.
For each protein concentration, we modeled 30 experimental profiles
with 200 generated sets of data for s values between 2S and 20S on
a radial grid of 500 points. We used a confidence level of 0.95 for the
regularization procedure. This allowed us to evaluate the homogeneity
of the protein solution and to determine a sedimentation coefficient (s)
for the main species. The value of the hydrodynamic radius (RH) was
derived from the Svedberg equation: s = M(1  r v)/(6phRHNA), NA
being Avogadro’s constant. We considered for M the value from the
polypeptide sequence. The frictional ratio f/f0 = RH/RH0 was adjusted
to recover the experimental s value.RH0, the minimal hydrodynamic ra-
dius, is the radius of a sphere corresponding to the volume of the an-
hydrous protein. We estimated the partial specific volume (v) of GyrB
from its amino acid composition to be 0.73 ml/g, the solvent density
(r) to be 1.004 g/ml, and the solvent viscosity (h) to be 1.5 mPa$s, at
6C using the software Sednterp (www.bbri.org/RASMB/rasmb.
html). These values were also used to derive s20,w values.
Small-Angle X-Ray Scattering
We performed the SAXS experiments in solution at station 2.1 (Towns-
Andrews et al., 1989) of the Synchrotron Radiation Source, Daresbury
Laboratory, UK, following standard procedures. Protein solutions were
centrifuged for 5 min at 13,000 3 g before being measured at 6C.
Scattering curves were collected with a two-dimensional multiwire
proportional counter, at sample-to-detector distances of 4.25 and 1
m, at a wavelength (l) of 1.54 A˚, covering the momentum transfer
range 0.008 < q < 0.78 A˚1 (q = 4psinq/l, where 2q is the scattering an-
gle). To check for radiation damage, the data were collected in 60, 40,
and 10 successive 40 s frames at 4.25 m, from the lowest to the highest
protein concentration, respectively, and 112 successive 1 min frames
at 1 m for the highest protein concentration. The data were normalized
to the incident-beam intensity, radially integrated over a 60 sector, av-
eraged over the frame number, and divided out by the detector
response. The scattering of the buffer was then subtracted, and low-
and high-angle curves were merged over the q range of 0.05–0.15 A˚
using the software PRIMUS (Konarev et al., 2003). The radius of
gyration (Rg) was evaluated from the scattering curve with the indirect
Fourier-transform program Gnom (Svergun, 1992). Gnom also pro-Structure 15, 3vides the distance distribution function p(r) of the particle and its max-
imum dimension Dmax, defined as the point where p(r) becomes zero.
To determine p(r), we left p(0) and p(Dmax) free, in the first instance, to
judge whether the chosen r interval was correct. Dmax was the lowest
value yielding the lowest positive p(Dmax), a stable p(r) distribution
upon Dmax increase. p(0) and p(Dmax) were finally fixed to zero.
Ab Initio Modeling
Low-resolution GyrB models were generated by the ab initio program
Gasbor (version 1.8) (Svergun et al., 2001). We set the search-volume
diameter toDmax + 10 A˚, and all dummy residues (803 for a GyrB mono-
mer) were refined by Gasbor. The independent models were superim-
posed with the package Damaver (Volkov and Svergun, 2003) to ana-
lyze the stability and reliability of the shape reconstruction via the
normalized spatial discrepancy (NSD, a proximity measure between
models) (Kozin and Svergun, 2001), between independent models.
Models with an NSD value greater than the mean value plus twice
the variation were considered as outliers and excluded from further
analysis. The average model was filtered at a given cutoff volume by
Damaver. For these low-resolution structures in solution, we calcu-
lated their sedimentation coefficient (s) and hydrodynamic radius
(RH) with the program Hydropro with a radius of 6 A˚ for the dummy res-
idues (Garcia de la Torre et al., 2000).
Structure Modeling of GyrB Domains
The structure of the ATPase domain (E. coli residues S2–T392) corre-
sponded to the crystallographic structure of one subunit of the dimer
(PDB ID code 1ei1) (Wigley et al., 1991; Brino et al., 2000). The structure
of the Toprim and Tail-1 domains (E. coli residues A397–D549 and E720–
D769) was built by homology modeling by the SWISS-MODEL server
(optimize mode) (Guex and Peitsch, 1997; Schwede et al., 2003). As
a template, we used the structure of the homologous domains of yeast
topoisomerase II (PDB ID code 1bgw) (Berger et al., 1996). The E. coli
(sp P06982) and yeast (Saccharomyces cerevisiae, sp P06786) se-
quences were aligned using as a guide the published multiple se-
quence alignments for type II topoisomerases (Caron, 1999), but keep-
ing most of theE. coli gaps outside the yeast secondary structures. The
secondary structure of the Tail-2 subdomain (E. coli residues E550–F719)
was predicted by the servers PSI-pred (Jones, 1999) and PredictProt
(PHDsec and PROFsec) (Rost, 1996). A probable tertiary structure of
this domain was then predicted ab initio by the HMMSTR/ROSETTA
server (Bystroff and Shao, 2002), based on the PHD secondary-struc-
ture prediction. The structures of GyrB domains were docked by hand
into the GyrB envelope. The intensity that would be scattered by this
domain model was calculated using CRYSOL (Svergun et al., 1995).
Structural figures were made with PyMOL (www.pymol.org) and the
alignment figure with ESPript (Gouet et al., 1999).
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